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Efflux pumps of the resistance-nodulation division superfamily, such as AcrB, make a major contribution to multidrug resistance in Gram-negative bacteria. Inhibitors of such pumps would improve the efficacy of antibiotics, and ameliorate the crisis in health care caused by the prevalence of multidrug resistant Gram-negative pathogens. Phenylalanyl-arginine β-naphthylamide (PAβN), is a wellknown inhibitor of AcrB and its homologs. However, its mechanism of inhibition is not clear. Because the hydrolysis of PAβN in Escherichia coli was nearly entirely dependent on an aminopeptidase, PepN, expression of PepN in periplasm allowed us to carry out a quantitative determination of PAβN efflux kinetics through the determination of its periplasmic concentrations by quantitation of the first hydrolysis product, phenylalanine, after a short period of treatment. We found that PAβN is efficiently pumped out by AcrB, with a sigmoidal kinetics. We also examined the behavior of PAβN homologs, Ala β-naphthylamide, Arg β-naphthylamide, and Phe β-naphthylamide, as substrates of AcrB and as modulators of nitrocefin efflux through AcrB. Furthermore, molecular dynamics simulations indicated that the mode of binding of these compounds to AcrB affects the modulatory activity on the efflux of other substrates. These results, and the finding that PAβN changes the nitrocefin kinetics into a sigmoidal one, suggested that PAβN inhibited the efflux of other drugs by binding to the bottom of the distal binding pocket, the so-called hydrophobic trap, and also by interfering with the binding of other drug substrates to the upper part of the binding pocket.
RND transporters | efflux inhibitors | Phe-Arg-β-naphthylamide | molecular dynamics simulations T he emergence and spread of antibiotic-resistant pathogenic bacteria, especially those of multidrug-resistant or even panresistant Gram-negative bacteria, is a major problem (1) . Multidrug efflux pumps, especially those of the resistance-nodulation division (RND) family, contribute strongly to this type of resistance (2) . AcrB of Escherichia coli has very wide substrate specificity (3) and its structure and mechanism have been studied extensively as a prototype RND efflux pump (4, 5) . AcrB enhances the intrinsic resistance of E. coli, especially to large or lipophilic antibiotics (3) , and makes the cell more resistant when overproduced (6) . Because of this role, inhibitors of AcrB and its relatives are important not only in basic research but also possibly in clinical medicine, as they could reduce the resistance level of pathogens. The first such inhibitor was Phe-Arg β-naphthylamide (PAβN), reported by Lomovskaya et al. in 2001 (7) . These researchers also showed that a PAβN analog, Ala β-naphthylamide, is a good substrate for the AcrB homolog MexB of Pseudomonas aeruginosa, by examining its intracellular accumulation followed by enzymatic hydrolysis that generated the fluorescent naphthylamine. The researchers suggested that PAβN is also a substrate of the AcrB/MexB pump, because pump overproducers are more resistant to the intrinsic toxicity of this compound. More recently, PAβN was predicted to bind to the distal binding pocket of AcrB (8) , and a possible mechanism for inhibition was also proposed (9) . Nevertheless, because the binding of PAβN to the pocket does not appear to be very strong (8, 9) , it seemed essential to know more about its interaction with AcrB.
When using PAβN as an AcrB pump inhibitor in intact cells of E. coli K-12, we noted that it was degraded to yield a fluorescent product, presumably β-naphthylamine. By expressing the enzyme responsible for this hydrolysis, PepN, in the periplasm, we could show that PAβN was a good substrate for AcrB. To better understand the behavior of PAβN, we also examined the efflux kinetics and modulator functions of PAβN analogs, Ala β-naphthylamide (Ala-Naph), Arg β-naphthylamide (Arg-Naph), and Phe β-naphthylamide (Phe-Naph). These studies led us to a deeper understanding of the complexity of the interaction of these aminoacyl-naphthylamides with AcrB.
Results
Our Approach. In our previous determination of the parameters of efflux process, we measured in intact cells the hydrolysis rates of β-lactams by periplasmic β-lactamases, a process that allowed us to determine the periplasmic concentration of these compounds. This next allowed us to calculate the influx rates of β-lactams across the outer membrane, as they are proportional to the difference in concentrations of these compounds across this membrane. The difference between the influx rate and hydrolysis rate then represented the efflux rate (10) . In this study, we wanted to obtain quantitative parameters for the efflux of PAβN and other aminoacyl β-naphthylamides, and for this we needed an enzyme that hydrolyzed these compounds in the periplasm.
Incubation of intact E. coli cells with PAβN resulted in a timedependent increase in fluorescence (Fig. 1A) , which had an emission spectrum corresponding to that of β-naphthylamine. PAβN was thus presumably hydrolyzed by one or more of the peptidases in E. coli (11) . Because aminopeptidase N (PepN) has a broad substrate range and prefers basic and hydrophobic
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Resistance-nodulation division family efflux pumps, exemplified by AcrB of Escherichia coli, play an important role in multidrug resistance of Gram-negative bacteria by actively pumping out a very wide range of antimicrobial agents. Yet it is unclear with how much affinity and with how much rate this pumping process works, except for our earlier studies on cephalosporins and penicillins. Here we succeeded in determining these parameters for the earliest-discovered inhibitor Phenylalanylargenine β-naphthylamide and its relatives, and examined the binding of these compounds to AcrB binding sites by docking and molecular dynamics simulations. The results suggest how an inhibitor, even when it is itself pumped out, can reduce the pumping of other substrates. residues at the N terminus (12), we tested the PAβN hydrolysis in a ΔpepN mutant and found it to be nearly completely negative (Fig. 1A) . Because PepN is an aminopeptidase, it is expected to degrade PAβN in two steps (13) , first converting it to Phe and Arg-Naph, and then the latter to Arg and β-naphthylamine. The presence of a lag in the time course of naphthylamine generation (Fig. 1A) is consistent with this idea. We could indeed confirm, by HPLC of phenylthiocarbamyl derivatives of products, that PepN first converted PAβN to Phe and Arg-Naph, and then the latter to Arg and β-naphthylamine (Fig. 1B) . Although PepN was once claimed to be a periplasmic protein (14) , it has no signal sequence (15) , and indeed we could show that most of its activity was located in the cytosolic fraction (SI Appendix). Thus, to use the enzymatic hydrolysis of PAβN for exploring its efflux kinetics, it was necessary to get PepN exported into the periplasm. This was achieved by fusing the N terminus of PepN sequence to the C terminus of the periplasmic MalE protein, using the pMAL-p5X vector (Experimental Procedures). Osmotic shock experiments (Fig. 2) showed that practically all of the MalEPepN fusion protein was located in the periplasm. Finally, to increase the precision of the assay, we used intact cells of a ΔpepN:: kan/pMAL-PepN strain derived from E. coli RAM121, a mutant that produces a large channel porin (16) and allows a rapid influx of large and hydrophobic substrates, such as PAβN and other aminoacyl naphthylamides.
PAβN Efflux Kinetics. We used the initial stage in the PAβN hydrolysis by the periplasmic MalE-PepN to determine its efflux kinetics. Hydrolysis was stopped at 3 min after the addition of PAβN to intact cells. The analysis of products at this stage revealed that only Phe and Arg-Naph were present, whereas a product of the second stage of hydrolysis, Arg, was not present (Fig. 1B) . Phe was quantitated by fluorescence through o-phthalaldehyde modification (17) after proteins were removed by tricholoroacetic acid precipitation. Because we know the kinetic constants of this first-stage hydrolysis by the periplasmic MalE-PepN (SI Appendix, Fig. S1 ), this allowed us to estimate the periplasmic concentration of PAβN, and then the efflux rate as the difference between the (calculated) influx rate across the outer membrane and the measured hydrolysis rate, as was done earlier for β-lactams (10, 18) . [For calculation of influx rate, we used the permeability coefficient determined by the use of RAM121ΔpepN::kan ΔacrAB::spc/pMAL-PepN strain, following the method used for cephalosporins (10) .] The results ( Fig. 3A) showed that the efflux followed a sigmoidal kinetics, with the V max and K 0.5 (the substrate concentration where the rate reaches one-half of the V max ) of 3.0 ± 0.5 nmol/mg/s and 17.6 ± 5.0 μM, 
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A B In the strain containing pMAL-PepN, most of the aminopeptidase activity is found in the periplasm. (A) SDS/PAGE followed by staining for MalE shows that most of the MalE-PepN is located in the osmotic shockate (SN1 through SN3) and is absent in the sonicate of the residue (i.e., the cytosol). In SN2, smaller proteins, apparently degradation products, are also seen. (B) Activity assay using 0.1 mM Arg-Naph.
respectively, in five independent experiments. The Hill coefficient was 1.7 ± 0.4. These results show that PAβN is rapidly pumped out by AcrB, but with only a modest affinity to the pump, compared with the V max (about 0.03 nmol/mg/s) and K M (around 5 μM) of the strongly bound substrate, nitrocefin (10) . To understand the mechanism of efflux and the inhibitor function of PAβN, we turned to the study of PAβN analogs, Ala-Naph, Arg-Naph, and Phe-Naph, both as substrates and modulators of AcrB.
Efflux Kinetics of Aminoacyl β-Naphthylamide in Intact Cells. Because extracts of cells harboring the pMAL-PepN plasmid showed a good hydrolytic activity against aminoacyl β-naphthylamides even without induction (Fig. 2B ), this basal level activity of MalE-PepN could be used to measure the hydrolysis rate of aminoacyl β-naphthylamides in periplasm, by following the fluorescence of one of the products, β-naphthylamine. We followed the same approach used for PAβN, above, using the K M and V max of MalE-PepN for aminoacyl β-naphthylamides (SI Appendix, Fig. S2 ), but here the assay was simpler because one of the products, β-naphthylamine, was highly fluorescent and could be used in following hydrolysis in intact cells. One difference from the β-lactam efflux assay was that, whereas with β-lactams the efflux of hydrolysis products, which are much more hydrophilic than the original ligands, could be neglected, with aminoacylnaphthylamides the measured product, β-naphthylamine, is quite lipophilic and is expected to be a good substrate for efflux. β-Naphthylamine fluorescence, however, is not too different in organic solvents and in water at 410 nm (SI Appendix, Fig. S3 ), and thus its efflux is expected to have little effect on its fluorescence and, hence, the calculation of efflux rate of aminoacyl β-naphthylamides.
For each compound, four to seven independent experiments were performed, and typical results are shown in Fig. 3 B-D. There were some remarkable features on these efflux kinetics. First, for each compound, the curves were clearly sigmoidal as in the case of PAβN, showing the calculated Hill coefficients of 1.6, 2.1, and 2.3, for Ala-, Arg-, and Phe-Naph, respectively. Second, the V max values tended to be quite high, being 66 ± 8, 2.0 ± 0.5, and 9.5 ± 1.5 nmol/mg/s, for these three compounds, respectively. The latter two values were comparable with the V max of PAβN efflux above (3.0 nmol/mg/s), whereas Ala-Naph had an exceptionally high V max . Finally, when K 0.5 values were compared, they (148 ± 21, 41 ± 15, and 62 ± 12 μM for Ala-, Arg-, Phe-Naph) were higher than those for PAβN (17.6 μM, see above), or penicillins (about 1 μM or less) (18, 19) or cephalosporins (5-26 μM, except cephalothin and cephaloridine) (10), suggesting that aminoacyl-naphthylamides probably do not become tightly bound to AcrB.
Activity of Aminoacyl β-Naphthylamides as Modulators of Nitrocefin
Efflux. PAβN is a well-known inhibitor of AcrB-mediated drug efflux (7) . In contrast, one of its homologs, Arg-Naph at 0.1 mM, was found to stimulate the efflux of nitrocefin (20) . In this study we repeated this experiment and also tested if Ala-Naph or PheNaph also affected nitrocefin efflux. At 0.1-mM concentration, AlaNaph stimulated nitrocefin efflux as well (Fig. 4) ; as with Arg-Naph, the stimulation was largely because of decrease in K M values.
In a striking contrast, Phe-Naph at 0.1 mM inhibited nitrocefin efflux (Fig. 4) , apparently because of decreases in V max . Naphthylamine alone, or any of the component amino acids (Phe, Arg, Ala), did not produce any significant changes in nitrocefin efflux, when tested at 0.1 mM (SI Appendix, Fig. S4 ). PAβN, as expected, inhibits nitrocefin efflux at 20 μM (Fig. 4) , and it is noteworthy that the kinetics now becomes strongly sigmoidal, with a Hill coefficient of about 2.
Molecular Dynamics Simulation of Ala-Naph, Arg-Naph, and Phe-Naph Binding to AcrB. To understand better the behavior of aminoacyl β-naphthylamides as efflux modulators and substrates, we examined the binding of aminoacyl naphthylamides to the distal binding pocket of the binding protomer of AcrB first by docking with the program Autodock Vina (21), followed by molecular dynamics (MD) simulations, with a truncated model of AcrB used to reduce the overall computational time (8) .
With Ala-Naph, docking predicted that its naphthylamine moiety will become bound to the bottom of the distal binding pocket (SI Appendix, Fig. S5A ). This initial pose was not stable in the MD simulation that includes interaction with solvent, and the positively charged amino group of Ala suddenly escaped from the hydrophobic environment of the pocket, causing a reorientation of the whole ligand by about 90°. In this stable pose along the dynamics (Fig. 5B) , the naphthylamine moiety interacts with the very bottom of the hydrophobic trap, particularly with residues Phe136 and Phe628, whereas the charged amino group of Ala is mainly stabilized by residues Ser135, Tyr327, and Glu673 (SI Appendix, Table  S2 ), and by the solvent. At odds with Arg-Naph described below, Ala-Naph is not stabilized by residues lining the G-loop, a short loop containing Phe617 and anchored by two glycine residues (8), but a significant contribution comes from residues lining the access pocket, the interface between this pocket, and the distal pocket, and the external cleft ( Table 1 ). The calculated binding free energy (without entropy correction) was −22.9 ± 3.2 kcal/mol (Table 1) . This is much smaller in size than the similarly predicted binding energy of a strongly bound substrate, nitrocefin (−42.5 ± 3.9 kcal/mol), and similar to those of weakly bound substrates, such as chloramphenicol (−23.3 ± 4.6 kcal/mol) (8), although higher than that calculated for benzene (about −13 kcal/mol) (20) .
With Arg-Naph, docking also predicted that its naphthylamine moiety will become bound to the bottom of the distal binding pocket, rich in aromatic residues [the so-called hydrophobic trap (22) ] (SI Appendix, Fig. S5A ). However, the introduction of water molecules in MD simulation very quickly moved Arg-Naph, with its two cationic groups in the Arg moiety, at least partially out of this hydrophobic environment, and Phe136 remained the only residue in the hydrophobic trap contributing to the binding (Fig.  5C and SI Appendix, Table S2 ). In all three independent MD simulations, each for 320 ns, the pseudoequilibrium positions of Arg-Naph suggested that it is a relatively weakly bound substrate. Thus, the binding free energies were −27.2 ± 5.1, −23.2 ± 2.9, and −25.0 ± 4.4 kcal/mol. The binding pose (Fig. 5C shows the result of the simulation producing the highest binding energy) also suggests only a loose interaction. The Arg moiety sticks out into the waterfilled substrate channel. Indeed, the interaction with the hydrophobic trap was the smallest among the ligands studied (Table 1) . Concerning Phe-Naph, docking predicted that, similar to AlaNaph, the ligand binds with its naphthylamine group completely in the hydrophobic trap (SI Appendix, Fig. S5A ). However, because of the hydrophobic nature of the Phe extension, the orientation of the ligand in its highest-affinity pose is flipped with respect to those of Ala-and Arg-Naph, with the aminoacyl (Phe) group completely in the hydrophobic trap (SI Appendix, Fig. S5A ). MD simulation resulted in the vertical turnaround of the ligand, but in the final pseudoequilibrium structure (Fig. 5D) , the naphthylamine moiety interacts with the aromatic residues of the hydrophobic trap (see also Table 1 and SI Appendix, Table S2 ). The calculated binding energy (−22.2 ± 3.2 kcal/mol) was similar to that of Ala-Naph.
Thus, the modes of binding are clearly different among the three aminoacyl-naphthylamides examined (SI Appendix, Fig. S5B ), and these differences might explain the different effects of these modulators on nitrocefin efflux. The different binding position of the naphthylamine moiety of Phe-Naph ( Fig. 5D ; also see SI Appendix, Fig. S6 ) may be the reason why this compound produces efflux inhibition, as was seen with the other inhibitors that interact with the hydrophobic trap, such as PAβN (Fig. 5A) 
(9) or D13-9001 (22).
Discussion RND family efflux pumps, such as AcrB, play a major role in the emergence of multidrug resistance in Gram-negative bacteria, and +Phe-Naph (0.1 mM) Fig. 4 . Effect of 20 μM PAβN and 100 μM aminoacyl β-naphthylamides on the efflux kinetics of nitrocefin, determined as described earlier (10), using RAM121 ΔpepN strain to avoid the degradation of modulators during the assay. Unlabeled curves show nitrocefin efflux without modulators, which had an average V max and K M of 0.039 ± 0.008 nmol/mg/s and 8.91 ± 3.26 μM (n = 18). In comparison, in the presence of Ala-Naph, Arg-Naph, and Phe-Naph, V max was 0.032 ± 0.008 (n = 5), 0.046 ± 0.003 (n = 5), and 0.020 ± 0.004 (n = 4) nmol/mg/s, and K M was 2.6 ± 1.3, 3.2 ± 0.3, and 10.8 ± 4.1 μM, respectively. PAβN produced a sigmoidal kinetics with the Hill coefficient of 2.04 ± 0.10 (n = 4); V max was 0.038 ± 0.004 nmol/mg/s and K 0.5 was 14.07 ± 0.77 μM. inhibitors of such pumps are potentially important for human and animal health. Although a large inhibitor, D13-9001 (695 Da), was shown to bind tightly to the distal binding pocket of such pumps (22) , many earlier inhibitors, such as PAβN (7) or 1-(1-naphtylmethyl)-piperazine (23), do not bind tightly (8), yet act as inhibitors. Thus, it is important to find out how PAβN, for example, functions as an inhibitor. We have examined here both PAβN and its homologs, aminoacyl naphthylamides, on their efflux parameters and their capacity to modulate the efflux of another substrate, nitrocefin. We reported already that Arg-Naph, at 0.1 mM, stimulated nitrocefin efflux (20) . When tested at the same molar concentration, Ala-Naph also stimulated nitrocefin efflux (Fig. 4 ), yet Phe-Naph produced a significant inhibition (Fig. 4) . Ala-Naph as a substrate is pumped out extremely rapidly [as was already shown by the pioneering study by the Lomovskaya group (7)], with a high V max of 66 nmol/mg/s (Fig. 3) , and thus it might possibly "sweep off" other substrates with it. In fact, the rather weak binding of Ala-Naph in MD simulation suggests that it might act like another stimulator, benzene, which is also a weak binder to AcrB and is apparently pumped out very rapidly (20) . In addition, the simultaneous interaction with the access and distal pockets not involving the G-loop could facilitate triggering of conformational changes, such as the closure of the PC1/PC2 cleft (24) or rearrangements in the periplasmic side of the transmembrane region. The latter could induce opening of channels connecting the periplasm to the site of proton exchange (25, 26) . However, the functions of Phe-Naph and Arg-Naph as modulators seem to require a somewhat different explanation. MD simulation showed that Phe-Naph binds significantly to the "hydrophobic pocket," which binds the hydrophobic portion of D13-9001 (22), whereas Arg-Naph binding has little involvement of this pocket (Fig. 5C , Table 1 , and SI Appendix, Table S2 ). These different modes of binding seem to offer the best explanation on why PheNaph and Arg-Naph act as an inhibitor and stimulator, respectively, of nitrocefin efflux (Fig. 4) . Furthermore, the Phe residue is located in the groove of the pocket, and this may hinder the binding of nitrocefin (Fig. 5H) . Finally the inhibitory activity of Phe-Naph is also consistent with the knowledge that Lys-Phe-β-naphthylamide is an effective inhibitor similar to PAβN (7). In contrast, in Arg-Naph, the Arg moiety is far away from the groove, and is unlikely to prevent the binding of nitrocefin to this area of the pocket (Fig.  5G) . Conceivably, the effect of the double-positive charge of Arg residue on the binding of negatively charged nitrocefin may also contribute to the stimulation of its efflux (Fig. 4) .
We also believe that the knowledge gained on the behavior of aminoacyl-naphthylamides helps us to understand how PAβN acts as an effective inhibitor of AcrB-mediated drug efflux. PAβN binds more strongly to the hydrophobic trap than Arg-Naph, for example (Fig. 5, Table 1 , and SI Appendix, Table S2 ). Indeed, in the case of a recently developed more potent inhibitor, a larger fraction of the binding energy comes from the trap (9) . In addition, a large portion of PAβN interacts with the substrate-binding areas of the pocket (SI Appendix, Table S2 ), presumably causing interference, as was also predicted (to a lesser degree) with Phe-Naph (see above). PAβN was known to be pumped out by AcrB/MexB group of pumps (7). Because PAβN binds significantly less tightly than the large inhibitor D13-9001 (9), it was not a total surprise that it acted as a good substrate and was pumped out with kinetic constants (V max of 3.0 nmol/mg/s and K 0.5 of 17.6 μM) in the range similar to the efflux of Arg-Naph, for example (2.0 nmol/mg/s and 41 μM); the lower K 0.5 value for PAβN seems to be consistent with its tighter binding to AcrB (Table 1) . Because PAβN binds to the hydrophobic trap, because the simultaneous binding of other (large) substrates with PAβN would be hindered, and because the rate of PAβN efflux is not exorbitant, it cannot function as a stimulator.
We emphasize that the naphthylamides studied here represent the second group of AcrB substrates whose efflux kinetics were successfully determined, following the β-lactams (10, (18) (19) (20) . An important feature of β-lactam efflux kinetics is the clearly sigmoidal nature of the rate vs. substrate concentration plots, except for nitrocefin (10, 18) . The kinetics of aminoacyl-naphthylamide efflux processes studied here also showed clearly the sigmoidal kinetics (Fig. 3) , with the calculated Hill coefficients of around 2. These findings are noteworthy because they indicate that sigmoidal kinetics are not limited to β-lactams and perhaps would apply to most of the substrates of AcrB, and possibly to other RND-type efflux pumps.
Sigmoidal kinetics is usually produced by positive cooperativity, and we favored the idea (10) that the trimeric nature of AcrB and its functionally rotating mechanism (27) (28) (29) are responsible. More specifically, the entry of the next ligand molecule to the proximal pocket of access or binding protomer, while a ligand is already bound to the distal pocket of binding protomer, would create a situation where two ligands are bound simultaneously to one pump complex, and this could create positive cooperativity (10) The same comments apply also to the efflux of PAβN, which shows a clearly sigmoidal kinetics (Fig. 3A) ; its relatively high K 0.5 value (17.6 μM) is consistent with its not very-tight binding to AcrB, although MD simulation suggested that it binds more tightly to the distal pocket than other aminoacyl naphthylamides (Table 1) . Finally, even nitrocefin may be pumped out with sigmoidal kinetics when its binding to the binding pocket becomes weaker, for example, by the simultaneous presence of inhibitor PAβN (Fig. 4) or by mutation within the binding site, such as F610A (31) . These results further reinforce the idea that the loose binding of substrates is the main cause of the positive cooperativity and sigmoidal kinetics.
This study showed, by examining aminoacyl naphthylamides for their behaviors as modulators and substrates of AcrB, how their interaction with the AcrB transporter could be interpreted in a rational manner. We hope that knowledge of this type would be useful for the development of better inhibitors of RND pumps, which may lead to a more effective chemotherapy for multidrugresistant Gram-negative bacteria.
Experimental Procedures
Strains. RAM121, an E. coli K-12 strain expressing a large-channel mutant porin (16) was used to construct ΔpepN::kan derivatives. RAM121ΔpepN::kan ΔacrAB::spc was constructed by transducing ΔacrAB::spc from HN1159 (10).
Construction and Characterization of an E. coli Strain Expressing a Periplasmic
Aminopeptidase. The pepN sequence of E. coli K12 was PCR-amplified and inserted between NotI and BamHI sites of the pMAL-p5X vector (New England Biolabs). The resulting plasmid, pMAL-PepN, was then electroporated into RAM121 ΔpepN::kan, and the transformants were selected on 100-μg/mL ampicillin plates. The periplasmic location of the MalE-PepN fusion protein was ascertained by the osmotic shock procedure, as given in SI Appendix.
Time Course of PepN-Catalyzed Hydrolysis of PAβN. A French pressure-cell extract of strain RAM121 ΔpepN::kan/pMAL-PepN was used to digest 300 μM PAβN at room temperature. Digestion was stopped at various time points, and the products were analyzed, after conversion into phenylthiocarbamyl (PTC)-derivatives, by reverse-phase HPLC using a UV detector. For details, see SI Appendix.
Efflux Assay of PAβN. PAβN at various concentrations was added to intact cells of RAM121 ΔpepN::kan containing pMAL-PepN, and the reaction was stopped after 3 min to measure the first step in PAβN hydrolysis. The free Phe generated was measured by fluorescence after modification with o-phthalaldehyde in the presence of mercaptoethanol. The data were analyzed here and below by curve-fitting with CurveExpert (www.curveexpert. net) with a stringent tolerance (10 -9 ) and increased possible reiterations (300). In this and other efflux assays, the efflux rates were always calculated on the basis of cell dry weight, obtained from OD 600 as described by Koch (32) . For details, see SI Appendix.
Efflux Assay of Aminocyl-β-Naphthylamide. Substrates were added to intact cells of E.coli RAM121 ΔpepN::kan/pMAL-PepN, and the generation of the hydrolysis product, naphthylamine, was followed by its fluorescence, as detailed in SI Appendix.
Nitrocefin Efflux Assay. This was carried out as described previously (10) , except that RAM121 ΔpepN::kan was used to avoid the degradation of the modulators.
Computational Methods. Docking of Ala-Naph, Phe-Naph, and Arg-Naph to the deep (or distal) pocket of the tight (or binding or B) protomer was performed using the software AutoDock Vina (21) . A 20 × 20 × 20 Å grid was centered near the center of the binding pocket, and the exhaustiveness parameter was set to 64. MD simulations of Ala-Naph, Arg-Naph, and PheNaph binding to the distal pocket of AcrB were performed in a similar way as reported earlier (8, 9) . Namely, a truncated model was used, and each system was simulated up to 320 ns (including 20 ns of equilibration phase). See SI Appendix for more details. 
